Abstract. The development of the hollow-cathode effect in a plane-parallel hollow cathode dc argon glow discharge was investigated experimentally and by means of a two-dimensional self-consistent hybrid model, combining the fluid description of positive ions and slow electrons with a particle simulation of fast electrons. In the experiments the discharge was formed between two flat disc copper electrodes (of 3.14 cm diameter and separated by a L = 2 cm gap) serving as cathodes and a metal tube surrounding these electrodes which served as the anode. The electrical characteristics of the discharge and the spatial intensity distribution of selected spectral lines (Ar I 750.3 nm, 811.5 nm and Ar II 476.5 nm) were recorded at current densities 0.1 mA cm −2 j 0.5 mA cm −2 and for gas pressures 0.2 mbar p 1 mbar. While at pressures of ∼1 mbar the cathode regions are developed separately for both cathodes, the light intensity distribution measurements demonstrated the gradual merging of the negative glows with decreasing pressure. At pL 0.8 mbar cm, a common negative glow is formed in the discharge. Complementing the experimental observations, the simulations made it possible to determine various discharge characteristics (e.g. spatial distribution of electric potential, ionization source, and ion density). At low pL values the simulations also indicated the existence of oscillating electrons. The spatial distribution of light intensity calculated for different pressures shows good qualitative agreement with the experimentally observed distributions.
Introduction
Due to the enhanced light intensity from the negative glow, hollow-cathode (HC) discharges have a wide range of applications, including gas lasers [1] [2] [3] and spectral lamps [4] . At high pressures the so-called micro-hollow-cathode discharges are also used as high-intensity light sources [5, 6] , while other HC configurations (at low pressures) have switching applications [7, 8] . Because of their importance in these applications, HC discharges have been extensively investigated in the past decades experimentally and by means of modelling methods [9] [10] [11] [12] [13] [14] [15] .
Hollow-cathode discharges are formed by confining the negative glow into a cathode cavity, which may be one of many different forms, for example it can be inside a cylindrical cathode or between two flat cathodes. The current flowing in a HC discharge may be orders of magnitude higher compared to that in a single-plane-cathode discharge [16] operating at the same voltage.
The advantageous properties of HC discharges originate from the increased ionization rate in the plasma and its consequently higher electrical conductivity. The enhanced ionization rate is the result of the so-called HC effect. Among the numerous possible processes, the oscillatory motion of fast electrons between oppositely situated cathode surfaces, the effect of enhanced photoelectron emission from the cathode (due to geometrical effects) and the appearance of stepwise processes (due to the high plasma density) are believed to be the most important reasons for the HC effect [17] [18] [19] .
The existence of oscillating electrons-originally proposed by Güntherschulze [17] -was first proved experimentally by Helm [18] . Using an energy analyser attached to a cylindrical hollow cathode, he observed electrons emitted from a probe positioned at the opposite side of the cathode. Recent measurements [20, 21] and simulations [22, 23] of the effect of longitudinal magnetic field on the electrical characteristics of transversal HC discharges also demonstrated the importance of (highenergy) oscillating electrons in the ionization balance. Most of the recent modelling studies of hollow cathodes are based on particle simulations in which the oscillating electrons are easily included. As an exception, an analytic model by Kolobov and Tsendin [15] of a plane-parallel HC discharge is to be mentioned, where the non-local electron kinetics and electron oscillations were also taken into account.
The aim of this paper is to report our studies on a dc plane-parallel HC discharge, comprising experimental investigations (measurement of electrical characteristics and spatial intensity distribution of spectral lines) and a selfconsistent numerical modelling of the discharge using a hybrid approach. The model combines the fluid description of positive ions and slow electrons with a particle simulation of fast electrons using a Monte Carlo technique [24] [25] [26] [27] [28] [29] [30] . The particle simulation of the fast electrons ensures that their non-equilibrium motion in the cathode region is correctly described [31, 32] . In the experiment we determined the intensity of two atomic lines (Ar I 750.3 nm and Ar I 811.5 nm) and one ionic line (Ar II 476.5 nm) along the cathode-cathode axis. The 750.3 nm and 811.5 nm lines are among the most intense near infrared 4p → 4s transitions of Ar I. From the variation of the line intensities we could estimate the positions of the glow discharge regions and we observed the development of the HC effect with decreasing gas pressure.
Section 2 of the paper describes the discharge arrangement and discusses the experimental results. In section 3 the Monte Carlo and the fluid models and their interfacing are outlined. The results of the calculations are presented and compared with the experimental data in section 4. The summary of the work is given in section 5.
Experimental details

Experimental set-up
The discharge tube contained two flat disc electrodes serving as cathodes and a cylindrical metal tube surrounding the discharge region, connected as anode, see figure 1. The whole construction was placed in a Pyrex envelope. The cathode electrodes were made of high-purity copper with a diameter of 3.14 cm. They were positioned at a distance L = 2 cm from each other, inside the anode cylinder having an inner diameter D = 3.2 cm. A 0.05 cm slot machined into the anode tube along the longitudinal direction allowed us to scan the light distribution from the discharge.
The measurements were carried out using high-purity argon gas. The background pressure of the vacuum system was ∼10 −6 mbar. The discharge tube was mounted on a precision translator equipped with a stepping motor driven by a PC, a 10 cm focal length quartz lens imaged the light of the discharge onto the entrance slit of a monochromator. A 0.5 cm diameter diaphragm was placed in front of the lens to obtain a spatial resolution of ≈0.03 cm. For the recordings of the 476.5 nm line we used an EMI 6256S photomultiplier tube (PMT), while another PMT (EMI 9558B) was used for the near-infrared lines.
The discharge was excited by a dc voltage source. Figure 2 shows the voltage-pressure characteristics for the HC discharge at j = 0.2 mA cm −2 . For comparison, the voltage-pressure curve for a discharge with a single plane cathode is also displayed. This curve was obtained using the same discharge tube with only one of the copper discs connected as cathode (the opposing flat electrode and the cylindrical electrode served as anode). It can be seen in figure 2 that at p 1 mbar the single-cathode and the HC configurations have approximately the same voltage. In this pressure range the discharges formed over the two cathodes in the HC configuration are essentially independent of each other. With decreasing pressure the gradually increasing ionization efficiency results in a significantly lower discharge voltage in the HC configuration compared to that of the single-cathode discharge.
Experimental results
In the following we present the results of line intensity distribution measurements for the Ar I 750.3 nm, Ar I 811.5 nm and Ar II 476.5 nm lines recorded at pressures in the 0.2-1.0 mbar range and j = 0.1-0.5 mA cm −2 current density (averaged over the cathode surface). Figure 3 shows the light intensity distributions of the selected spectral lines as a function of the position along the cathode-cathode axis at p = 0.6 mbar and j = 0.4 mA cm −2 . For the discharge conditions investigated here we may assume that the 476.5 nm transition is exclusively excited by electron impact [33] . The light distribution for this line (figure 3(a)) exhibits one peak at each cathode dark space-negative glow boundary [34] , located at ≈0.4 cm distance from the cathodes. It can be seen in the figure that the negative glows belonging to the two cathodes are partially merged. The scan of the 750.3 nm line (see figure 3(b) ) shows a different behaviour near the cathodes. The 'shoulders' formed there correspond to the cathode glows created by heavy-particle excitation (by fast Ar + and fast argon atoms). This line is sensitive to excitation by heavy particles [35, 36] , however in our measurements the cathode glows on this line have a relatively low intensity. This can be explained by the low operating voltage of the discharge, compared to the (single) plane cathode discharge for which earlier studies found a cathode glow of significant intensity on the same transition [33, 37] . The 811.5 nm line is very efficiently excited by heavy particles [35, 36] , on this line the negative glows and the cathode glows have approximately the same intensity (see figure 3(c) ).
The typical behaviour of the light intensity distribution as a function of pressure and discharge current is illustrated in figure 4 for the 750.3 nm transition. It can be seen that at constant pressure the light intensity increases with increasing current density. At p = 1 mbar the negative glow shows peak intensity at a distance of around 0.25-0.4 cm from the cathode (the peak corresponds to the cathode dark spacenegative glow boundary). The length of the cathode dark space decreases with increasing current density and increases with decreasing pressure. At further decrease of the pressure the negative glows belonging to the two cathodes begin to coalesce and finally fill the central part of the discharge tube (see figure 4(c)). The graphs of figure 4 show that in our plane-parallel HC discharge (with cathode separation of 0.2 cm) the hollow cathode effect is pronounced at pressures p 0.4 mbar. It is noted that the light intensity distributions are rather similar for all the three lines (except for the strong cathode glows on the 811.5 nm transition). This can be explained by the fact that the light emission on untrapped spectral lines is closely related to the spatial distribution of the deposition of the electron energy, which primarily depends on the spatial structure of the discharge. This behaviour was also confirmed by the results of a hybrid model coupled to a collisionalradiative model of a plane-cathode argon glow discharge [38] , where many spectral lines were found to have a similar spatial intensity distribution.
Simulation model
The discharge was described by a two-dimensional hybrid model which combines a fluid model for positive ions and slow electrons with a Monte Carlo simulation of fast electrons. The model made it possible to calculate the discharge characteristics in a self-consistent way [24] [25] [26] [27] [28] [29] . The usual input parameters of the hybrid models are the gas pressure and discharge voltage. Besides these parameters, the 'apparent' secondary electron emission coefficient γ (the ratio of the electron current to the ion current at the cathode) also has to be specified. The apparent secondary emission coefficient should not be confused with the electron yield due to ion bombardment γ i as the apparent γ coefficient contains all the other possible (e.g. metastable or fast atom initiated) electron emission mechanisms. The apparent γ is one of the most crucial parameters of the simulations, it is used in both parts of the model:
• in the Monte Carlo model, the source functions are normalized by the electron current at the cathode I − e = I (1 + 1/γ ) −1 (where I is the discharge current); • in the fluid model the discharge current is calculated from the positive ion flux
Generally it is difficult to choose a proper value for γ which gives reasonable agreement with experimental data over a wide range of discharge conditions (pressure and current). Nevertheless, in many models γ is chosen to be a constant. In our model we choose an alternative way to close the set of equations in the model by making use of the experimentally determined current density and taking the apparent secondary electron emission coefficient as a variable (fitting) parameter. In the iterative solution of the fluid and Monte Carlo models (see later) γ was adjusted automatically to obtain a current density converging to the experimental value.
Monte Carlo model for the fast electrons
The motion of the fast electrons was traced using a Monte Carlo simulation. In this algorithm random numbers are used to determine the position and the type of the collisions. The random numbers (R 01 ) have a uniform distribution in the [0,1) interval.
The initial energy of the electrons leaving the cathode was chosen randomly between 0 and 5 eV, their initial velocity was set perpendicular to the cathode surface. The spatial distribution of the flux of electrons starting at the cathode was set proportional to the distribution of the argon ion flux to the cathode, obtained in the fluid model. The primary electrons emitted from the cathode and their secondaries produced in ionizing collisions were traced until they were absorbed by the anode or, due to their energy losses in inelastic collisions, they were no longer capable of producing any additional ions.
The backscattering of electrons from the anode was taken into account in the simulation. The reflection coefficient was chosen to be 0.4 [39] , and the fractional energy loss of the electrons was assumed to be 0.5 [40] .
The r(t) trajectory of electrons between successive collisions was followed by direct integration of their equation of motion:
where e and m are the electron charge and mass, respectively, and E is the electric field. The free path of electrons is assigned randomly in the Monte Carlo simulation. The position of the collision was calculated from
where s 0 is the position of the last collision and s 1 is the position of the next collision measured on the curvilinear abscissa s, n is the background gas density, σ is the sum of cross sections of all possible elementary processes and ε is the kinetic energy of the electron (see, e.g., [41] ). The type of collision which occurs after the free flight was chosen randomly, taking into account the values of cross sections of different processes at the energy of the colliding electron. In our calculation we took into account the elastic scattering of electrons from argon atoms, electron impact excitation and ionization of argon atoms. The cross sections of these elementary processes were taken from [42] .
For the elastic scattering process we took the elastic momentum transfer cross section and assumed that the scattering is isotropic. The energy loss of the electrons was neglected in elastic collisions.
In the electron impact excitation process the specific energy levels of the Ar atoms are not distinguished, the electron looses a randomly chosen energy between the energy of the first excitation level and the ionization energy of the gas atom (or between the first excitation level and the actual electron energy if the latter is less than the ionization potential). The scattering angle and the azimuthal angle were taken to be random over the [0, π] interval and the [0, 2π] interval, respectively.
In the ionization process the energy of the ejected ε 1 and the scattered ε 2 electrons is partitioned in accordance with [43] [44] [45] :
where ε is the energy of the electron before the collision, ε i is the ionization potential of argon atoms and we use ω = 15 for argon [30] . The velocity vectors of the incoming, the scattered and the ejected electrons lie in the same plane and the scattering angles χ 1 and χ 2 (measured with respect to the direction of velocity of the incoming electron) are found from [41] cos
The azimuthal angle of the scattered electron ϕ 1 is chosen randomly between 0 and 2π, and ϕ 2 is set to ϕ 2 = ϕ 1 + π . The ionization source function S i (x, r) is accumulated from the individual ionization processes. The electrons are transferred to the slow electron group (through the S e (x, r) source function) when their (kinetic + potential) energy falls below the ionization potential of the argon atoms. Here the potential energy is considered to be the difference between the maximum value of the potential in the discharge and the potential at the actual position of the electron.
Fluid model of positive ions and slow electrons
The argon ions and the electrons which are transferred to the slow electron group are treated together in a fluid model. The fundamental variables of the fluid model are the (slow) electron density n e , the argon ion density n i and the electric potential V . These quantities are functions of the axial x and radial r coordinates. The fluid model consists of the continuity equations of electrons and ions, and the Poisson equation:
∂n e ∂t + ∇(n e v e ) = S e (7)
where v e and v i are the mean velocities, and S e and S i are the source functions of the slow electrons and ions, respectively, e is the elementary charge and 0 is the permittivity of free space. The space charge created by the fast electrons-being several orders of magnitude smaller than that created by the slow electrons-is neglected in (9) . The mean velocities v e and v i are calculated from the momentum transfer equations for electrons and ions: e = n e v e = −n e µ e E − ∇(n e D e ) (10)
where µ e(i) and D e(i) are the mobility and diffusion coefficients of electrons (ions) and e(i) are the corresponding fluxes. The diffusion coefficient of argon ions in argon is [46] (with p given in Torr), the mobility of electrons in argon is µ e = 3 × 10 5 /p cm 2 V −1 s −1 [47] . The diffusion coefficient of electrons was chosen to be D e = 3 × 10 5 /p cm 2 s −1 , corresponding to a 1 eV characteristic energy of the slow electron group. The mobility of the argon ions was taken from [47] :
for E/p 60 V cm −1 Torr −1 , and
Due to the symmetry of the discharge, the fluid equations were solved on a smaller, N x × N r = 40 × 16 uniform grid, covering half of the discharge. The boundary conditions at the wall are prescribed values for the potential and zero density of particles. The cathode potential is taken to be zero while the anode potential is set equal to the discharge voltage. At the symmetry plane, the derivatives of the fundamental variables are set to zero.
Combination of the models
In hybrid simulations of dc discharges the fluid and Monte Carlo (MC) models are solved in an iterative way until the stationary state of the discharge is reached. In the first step of the iterations the fluid model is solved to obtain an 'initial' electric field distribution and the avalanches initiated by a given number of primary electrons (N 0 ) are traced in the calculated electric field by the MC simulation. After completing the MC simulation cycle the ion and slow electron source functions S e (x, r) and S i (x, r), which will serve as the input of the next fluid cycle, are normalized by the actual value of the current I (calculated in the previous fluid cycle): (14) where N xr is the number of ions (slow electrons) created in a cell with V xr volume around x and r. In the iterative solution of the fluid and MC models the γ coefficient was adjusted in a way that the calculated current converged to its experimental value. The typical integration time step in the fluid model was of the order of 10 ns; the MC part was usually run after 100 steps in the fluid model. Typically 1000 primary electrons and their secondaries were traced in the MC procedure. Having obtained the converged solution, the MC simulation was run once more for 3×10 5 primary electrons to obtain sufficiently smooth two-dimensional source functions.
Results and discussion
In this section first we illustrate with simulation results the general properties of the discharge. Following this, the effect of gas pressure is presented. Figure 5 shows some of the calculated discharge characteristics for p = 0.4 mbar pressure, j = 0.2 mA cm −2 current density and V = 400 V voltage. The potential distribution V (x, r) is displayed in figure 5(a) . The formation of the sheaths near the cathodes is clearly visible. In the central part of the discharge (filled by negative glow) a potential well is formed, with the plasma potential being ∼7 V higher than the anode potential. This potential well traps the slow electrons which diffuse against the electric field towards the anode [27, 29] . On the other hand, the field drives some of the ions created in the negative glow to the anode. Figure 5(b) shows the electric field (E x ) distribution along the x-axis. In the cathode sheaths high electric fields exist, and in the central part of the discharge the electric field is close to zero. The magnitude of the field decreases nearly linearly in the sheaths. This observation agrees well with the earlier results [9] . The potential distribution in the sheaths results in a slight focusing of the electrons emitted from the cathode or formed in the sheaths towards the axis of the discharge (see the equipotential lines in figure 5(a) ). Consequently, the length of the sheaths is the shortest at the discharge axis, as is illustrated in figure 5(b) where E x is also plotted for r = 8 mm.
Two-dimensional distributions of the ion n i (x, r) and slow electron n e (x, r) densities are plotted in figure 6 (a) and 6(b) while n i (x) and n e (x) at r = 0 and n i (r) and n e (r) at x = L/2 are shown in figures 6(c) and 6(d), respectively. In the vicinity of the cathode the positive space charge is dominant (the density of the Ar + ions is about 3 × 10 9 cm −3 ); further away from the cathode (in the negative glow) the concentration of Ar + ions and slow electrons becomes equal, and a quasi-neutral plasma is formed. The charge (electron and ion) density in this region reaches 10 11 cm −3 for a 0.2 mA cm −2 current density. At x = L/2 only a small net space charge (n i − n e ∼ 10 8 cm −3 ) is found near the anode (due to its small value it cannot be visualized in figure 6(d) ). As expected for a diffusion dominated region, the radial charge density distribution in the negative glow follows the zeroth-order Bessel function to a good approximation (except very near the anode), as shown in figure 6(d) . The calculated two-dimensional ionization source functions S i (x, r) are presented in figure 7 for different pressures at constant current density j = 0.2 mA cm −2 . It can be seen that at the highest pressure investigated the source of ionization is concentrated in the vicinity of the cathodes. With decreasing pressure more and more ions are produced in the central part of the discharge and at p = 0.2 mbar the ionization source function becomes fairly uniform in that region. This characteristic change of the spatial distribution of ionizations can also be seen in figure 8 , where the ionization source function S i (x) along the x-axis is plotted at constant current density of j = 0.2 mA cm −2 for different pressures. At low pressures the electron avalanches starting from one of the cathodes contribute to the ion production in the sheath of the opposite cathode. By visualizing the simulated electron avalanches in the (x, r) phase plane we indeed found that at lower pressures the primary electrons make oscillations between the two cathode faces. At the lowest pressure studied, p = 0.2 mbar, 80% of the primary electrons cross the negative glow and enter the sheath of the opposite cathode. Some of them make several oscillations (up to 10 crossings of the negative glow). At p = 0.6 mbar only 25% of the primary electrons can cross the negative glow and less than 10% of them make more than one transition. At the highest pressure, p = 1 mbar, only 1% of the primaries cross the negative glow once, and the probability of multiple transfer is negligible. Figure 9 shows the measured spatial distribution of light intensity of the Ar I 750.3 nm line and the calculated total electron impact excitation rate in the discharge for different pressures at a constant j = 0.2 mA cm −2 current density. The spatial distribution of excitation of the argon atoms was calculated in that region of the discharge from which the light was collected by the optics in the experiments. The 750.3 nm transition was chosen to represent the experimental data (recall that the experiments have shown that the light intensity distributions are rather similar on the lines investigated). It can be seen in figure 9 that the calculated excitation rate reproduces qualitatively well the characteristic pressure dependence of the experimental line intensity distribution. As heavy-particle excitation is not included in the model, it cannot predict the formation of small 'shoulders' in the distribution near the cathodes (corresponding to the cathode glows).
As explained in section 3, the experimental values of electrical data (current and voltage) were used as input data for the model calculations. This way the apparent secondary emission coefficient γ could also be determined from the model. Our results for γ are plotted in figure 10 as a function of the reduced electric field (electric field (E) to gas density (n) ratio) E/n found at the cathode surface. For comparison, the secondary electron yield for Ar + ions (γ i ) as well as the effective electron yield values (γ eff ) for 'dirty' cathode surfaces [48] are also shown in the figure. The effective electron yield contains the contributions of all secondary electron processes for the case of homogeneous electric field in the discharge gap [48] . The apparent secondary electron emission coefficient determined from our experimental data is higher than γ i , indicating that processes other than ion induced electron emission (e.g. heavy-particle ionization, electron emission due to fast atoms) also play a role in the charge production. On the other hand, γ is smaller than γ eff -which would take into account these effects in a homogeneous electric field-due to the localized (strongly inhomogeneous) high electric field near the cathode [49] .
Summary
We investigated a plane-parallel HC discharge experimentally and by means of a two-dimensional self-consistent hybrid model. The high-energy electrons were traced by MC simulation to provide a fully kinetic description of their motion, while a fluid model was used for the slow electrons and for positive ions. The measurements and the calculations were carried out for a cold-cathode abnormal glow discharge in argon, under stationary conditions, at low pressures (0.2-1 mbar) and moderate (0.1-0.5 mA cm −2 ) current densities.
The voltage-current characteristics of the discharge as well as the spatial distribution of selected spectral lines (Ar I 750.3 nm, Ar I 811.5 nm and Ar II 476.5 nm) were determined in the experiments. The measured electrical characteristics were used as input data of the hybrid model. The spatial distribution of line intensities provided information about the positions of the glow discharge regions. Due to the relatively low operating voltage of our HC discharge, heavy-particle excitation does not play an important role: a significant cathode glow developed only on the 811.5 nm line. We observed that at higher pressures (0.4 < p 1 mbar) the negative glows corresponding to the two cathodes form two separate peaks in the distribution of the light intensity and with decreasing pressure the peaks begin to coalesce. With further decrease of the pressure the negative glow fills the central part of the discharge tube which corresponds to an efficient HC effect.
The simulation results showed that in the central region of the discharge (in the negative glow) the plasma potential is approximately 7 V higher than the anode potential. For the discharge conditions investigated, the negative glow of Figure 10 . The secondary electron emission coefficient determined from the model (•) as a function of the reduced electric field (E/n) at the cathode surface. γ i is the electron yield due to ion bombardment and γ eff is an effective secondary coefficient for homogeneous field [48] .
the discharge consists of a quasi-neutral plasma with charged particle concentration of the order of 10 11 cm −3 . The peak of the charge density was found in the centre of the discharge, even when the source functions are concentrated near the cathodes.
The calculations gave evidence for the presence of the hollow cathode effect in the discharge. The shape of the ionization source function was found to exhibit a characteristic change with decreasing pressure due to the gradually increasing overlap of electron avalanches starting from the opposing cathodes. The 'microscopic' investigation of the motion of the fast electrons showed the existence of electron oscillations at low pressures.
The spatial distribution of excitation for argon atoms at constant j = 0.2 mA cm −2 current density was also calculated for different pressures. The results of the calculations showed that at higher pressures (p ∼ 1 mbar) the excitation rate exhibits one peak near each cathode. With decreasing pressure the peaks begin to coalesce due to the longer range of high-energy electrons. At p = 0.2 mbar the excitations occur mainly in the central part of the discharge. The spatial distribution of excitation of argon atoms calculated for different pressures is in a good qualitative agreement with the measured light intensity distributions.
